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(57) ABSTRACT 

By judicious engineering of grating parameters such as tooth 
shape, duty cycle and phase offset, the grating strengths and 
effective indices of the polarization modes of a grated 
Waveguide are adjusted over a Wide range of values to 
achieve a desired level of polarization sensitivity, or insen 
sitivity. In the typical example, the physical geometry of the 
grating teeth is adjusted so that degenerate behavior (nTE= 
nTM and KTE=KTM) is obtained for tWo polarization modes; 
the effective refractive indices and grating strengths are 
matched for the TE and TM polarization modes. In the 
current embodiment the sidewall gratings are used in Which 
the tooth pro?le is selected in order to equalize the grating 
strength for each polarization mode. 

33 Claims, 11 Drawing Sheets 
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PERIODIC ELECTROMAGNETIC 
WAVEGUIDE STRUCTURES WITH 
CONTROLLED POLARIZATION 

PROPERTIES 

BACKGROUND OF THE INVENTION 

Polarization control is a signi?cant concern in the design 
and operation of integrated optical devices. Planar 
Waveguides pose an especially difficult problem for the 
designer Who requires polarization-independent behavior. 

In a Waveguide, Which is generally characteriZed by an 
effective index of refraction, ne? the tWo polariZation modes, 
quasi-TE (Transverse Electric) and quasi-TM (Transverse 
Magnetic), Will experience an effective index Which is, in 
general, different for each polariZation: 

An ideal polariZation insensitive Waveguide has 

= at. 

This can be accomplished in Waveguides With cross-sections 
that have at least four-fold rotational symmetry so that the 
TE and TM modes are degenerate. A round optical ?ber or 
a planar Waveguide With a square cross-section are 
examples. 

PolariZation control becomes more challenging When 
features are added to the Waveguide. For example, periodic 
structures, such as gratings, can be introduced into a 
Waveguide. 

In planar Waveguide systems, gratings are typically 
etched into the top of the Waveguide. This process results in 
distinctive external features called grating teeth that have the 
effect of creating a periodic variation in the effective refrac 
tive index of the Waveguide. Gratings are commonly used in 
Wavelength division multiplexing (WDM) systems as chan 
nel ?lters to isolate a particular optical channel, for example, 
by re?ecting Waves Within a frequency band, called the 
“stopband”. 

To obtain polariZation insensitivity, a grating must have 
the identical effect on the TE and TM polariZation modes. 
This characteristic, hoWever, is generally difficult to achieve 
in monolithically fabricated planar Waveguide systems, 
since the grating is typically not fabricated on all four sides 
of the Waveguide due to inherent limitations in the fabrica 
tion process. This breaks the Waveguide’s four-fold symme 
try. 

Grating strength, for example, is a characteristic that the 
planar Waveguide system designer must typically balance 
for each polariZation mode. The grating strength, K, is 
related to the modal overlap betWeen the propagating ?eld 
and the grating. Because ?elds for the polariZation modes 
usually have different cross-sectional shapes, ne? and K are 
different for the polariZation modes in asymmetric 
Waveguides, Which leads to different behavior for the polar 
iZation modes. 
A number of methods have been proposed to control or 

reduce polariZation sensitivity in grated planar Waveguides 
When four-fold symmetry is not present. These prior art 
techniques for polariZation control, hoWever, suffer from a 
number of drawbacks. In some instances, they rely on 
material systems With loW refractive index contrast, Which is 
de?ned as the difference betWeen the refractive index of the 
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2 
Waveguide core and the index of the surrounding cladding. 
It is generally dif?cult to design physically small, commer 
cially relevant devices using loW index contrast material 
systems, hoWever. In other instances, the prior art techniques 
can only be applied for relatively narroW bandWidths. In still 
other instances, the techniques rely on precise control of 
material stress characteristics during fabrication, Which 
results in loW device yields. 

SUMMARY OF THE INVENTION 

The invention concerns Waveguide-grating designs that 
provide a desired level of polariZation sensitivity and a 
method of designing such grating Waveguides. The inven 
tion does not require loW refractive index differences or 
complex fabrication, hoWever. Instead, it emphasiZes control 
over grating parameters such as tooth-shape, tooth siZe, 
phase shifting betWeen gratings, and grating duty cycle in 
order to control the strength of the grating With respect to 
each polariZation mode. 

In more detail, by judicious engineering of grating 
parameters, the grating strengths of the polariZation modes 
can be adjusted over a Wide range of values and also achieve 
a desired level of polariZation sensitivity, or insensitivity. In 
the typical example, the physical geometry of the grating 
teeth is adjusted so that degenerate behavior is obtained for 
both polariZation modes, i.e., the effective refractive indices 
and grating strengths are matched for the TE and TM 
polariZation modes (nTE=nTM and KTE=KTM). 

The invention is applicable to polariZation control in the 
surface and sideWall gratings that are used for ?ltering and 
coupling, for example, and can be applied to various types 
of gratings, such as Bragg gratings or chirped gratings. The 
invention is also applicable to various types of Waveguides, 
such as buried Waveguides, rib Waveguides, ridge 
Waveguides, and strip metal Waveguides. Moreover, 
although control of polariZation effects in the loWest order 
spatial modes may be preferred, the technique can be applied 
to higher order spatial modes, as Well. The invention is also 
applicable to the control of the same polariZation mode of 
tWo different spatial modes. 
The above and other features of the invention including 

various novel details of construction and combinations of 
parts, and other advantages, Will noW be more particularly 
described With reference to the accompanying draWings and 
pointed out in the claims. It Will be understood that the 
particular method and device embodying the invention are 
shoWn by Way of illustration and not as a limitation of the 
invention. The principles and features of this invention may 
be employed in various and numerous embodiments Without 
departing from the scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the accompanying draWings, reference characters refer 
to the same parts throughout the different vieWs. The draW 
ings are not necessarily to scale; emphasis has instead been 
placed upon illustrating the principles of the invention. 

FIG. 1A is a plan vieW of a Waveguide With sideWall 
gratings having a square tooth shape, illustrating some 
grated Waveguide parameters; 

FIG. 1B is a side vieW of a Waveguide With a top surface 
grating having square tooth shape, illustrating the grated 
Waveguide parameters; 

FIG. 2 is a perspective vieW of a polariZation insensitive 
buried Waveguide With sideWall gratings according to the 
invention; 
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FIG. 3 is a graph showing Waveguide Width as a function 
of distance (Z) for m=0.5 and various values of the exponent 
parameter y, Which is used for the design process of the 
invention; 

FIG. 4 is a graph shoWing Waveguide Width as a function 
of distance (Z) for y=2 and various values of the midpoint 
parameter m, Which is used for the design process of the 
invention; 

FIG. 5 is a graph shoWing the fractional difference in the 
grating strength betWeen polariZation modes for a range of 
values of midpoint parameter m and exponent parameter y, 
Which graph is used for the design process of the invention; 

FIG. 6 is a plan vieW of a Waveguide With sideWall 
gratings having tooth shapes With different duty cycles, 
shapes, and phase offsets, according to the invention; 

FIG. 7 is a plan vieW illustrating radial corner tooth shape 
parameters and dimensions according to one embodiment of 
the invention; 

FIGS. 8A and 8B are plan and side vieWs, respectively, of 
a Waveguide With tWo sideWall gratings and a surface 
grating all having square tooth shapes With different duty 
cycles and phase offsets; 

FIG. 9 is a perspective vieW of a Waveguide With tWo 
sideWall gratings and a surface grating all having square 
tooth shapes; 

FIG. 10A is a plot of the average bandgap for the tWo 
polariZation modes as a function of phase offset betWeen the 
tWo sideWall gratings of a grated Waveguide; 

FIG. 10B is a plot of effective birefringence as a function 
of phase offset betWeen the tWo sideWall gratings of a grated 
Waveguide; 

FIG. 10C is a plot of percent band gap difference for the 
tWo polariZation modes as a function of phase offset betWeen 
the tWo sideWall gratings of a grated Waveguide; 

FIG. 10D is a plot of the average effective refractive indeX 
for the tWo polariZation modes as a function of phase offset 
betWeen the tWo sideWall gratings of a grated Waveguide; 
and 

FIG. 11 is a perspective vieW of a grated Waveguide With 
internal grating teeth according to the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The polariZation sensitivity of a Waveguide is character 
iZed by the effective indices of the polariZation modes, nTEe? 
and nTMe?. The effective indices are affected by the 
Waveguide cross-section, Which is de?ned by the height and 
Width of the Waveguide, by the material birefringence, and 
by the indeX contrast. For eXample, a Waveguide With no 
material birefringence and a square cross-section has four 
fold rotational symmetry and, hence, has no birefringence 
(i.e., nTEeff=nTMe?), thereby rendering the Waveguide polar 
iZation insensitive. 

Of-course, an eXact equality is not possible in actual 
devices. Thus, for many speci?cations, a Waveguide is said 
to be polariZation insensitive if Ane?ne? is less than 5*105. 
More stringent speci?cations require that Ane?/ne? is less 
than 1*10-5. 

The addition of a grating to the Waveguide creates addi 
tional parameters that must be equaliZed or engineered for 
the polariZation modes in order to achieve polariZation 
insensitivity or control. The grating strength, K, is related to 
the modal overlap betWeen the propagating ?eld and the 
grating. Because ?elds for the different polariZation modes 

15 

25 

35 

40 

45 

55 

65 

4 
have different cross-sectional shapes, K can be different for 
the polariZation modes. Here, for many speci?cations, a 
Waveguide is said to be polariZation insensitive if AK/K is 
less than 10%. More stringent speci?cations require that 
AK/K be less than 0.5%. 
A grated Waveguide (GW) has a number of parameters 

that determine the general operating response of the grating. 
A speci?c grating design typically has a desired operating 
range and requires a speci?c center frequency, stopband 
Width, and coupling order. The center radian frequency, 006, 
and the coupling order, q, are related to the effective indeX, 
ne?, and the period of the grating, A, as 

(1) 

Where c is the speed of light. The stopband Width, A00, is 
related to the grating strength, K, as 

Where ng is the modal group indeX. AWider operating range 
requires a stronger grating so that the grating produces a 
Wider stopband. A grating is typically designed for a par 
ticular application and material system. By selecting a center 
frequency, a stopband Width, and a material system, the 
grating strength and period are determined. Therefore, K, 
ne?, and A cannot be independently adjusted to obtain a 
desired polariZation sensitivity. 

For eXample, the cross-section of the GW can be adjusted 
so that nTEe?=nTMe/7. In this case, the propagation velocities 
of the polariZation modes (PMs) are matched. HoWever, the 
cross-section of the GW cannot subsequently be arbitrarily 
adjusted to obtain any desired grating strength polariZation 
sensitivity. Moreover, the cross-section of the GW cannot be 
arbitrarily adjusted to match KTE and KTM to achieve polar 
iZation insensitivity While simultaneously maintaining 

FIGS. 1A and 1B illustrate parameters associated With the 
grated Waveguide 10 that can be adjusted, according to the 
invention, in order to achieve a targeted level of polariZation 
insensitivity in terms of K and ne?, While obtaining the 
design requirements associated With the center frequency 
and a stopband Width, for eXample. 
The duty cycle, D, of the grating teeth and the tooth 

amplitude can be controlled to obtain the desired behavior. 
In the illustrated square shaped teeth, the duty cycle is 
de?ned as: 

(3) 

Where At is the Width of the grating tooth 90 and A is the 
grating period. FIG. 1A is a plan vieW of a Waveguide 
10 With sideWall gratings 12 having a square tooth 
shape, and FIG. 1B is a side vieW of a Waveguide 10 
With top surface gratings 14 having a square tooth 
shape. The tooth amplitude is the distance from the 
peak of the tooth to the trough of the tooth. 

FIG. 2 is a perspective vieW of a polariZation insensitive 
buried Waveguide 10 With sideWall gratings according to the 
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invention. FIG. 2 illustrates other parameters that can be 
adjusted, i.e., the shape of each period of the varying index 
of refraction or the grating teeth, in order to control polar 
iZation sensitivity. Therefore, in one embodiment of the 
invention, the shape of each period of the varying index of 
refraction, or the shape of the grating teeth, is engineered so 
that a desired polariZation sensitivity is achieved by using 
non-square tooth pro?les. 

The shape, or pro?le, of the grating teeth can be used to 
change the polariZation characteristic of the GW because the 
PMs have different electric ?eld distributions. Therefore, 
they are affected by the grating differently in a GW that does 
not have four-fold rotational symmetry. The tooth shape can 
be used to control the effect of the grating on each PM to 
obtain a desired polariZation sensitivity. 
A general characteristic of teeth 90 of the GW 10 is that 

they have non-square pro?les. In effect, the duty cycle of the 
teeth changes in the direction of the x-axis, in the case of 
sideWall gratings, or the tooth amplitude, more generally. In 
the illustrated example, the bases of the teeth are larger than 
near the tooth tops 22. In this Way, polariZation modes 
having different distributions in the x-axis direction see 
different effective grating duty cycles. Selection of different 
teeth pro?les enables differential tuning of the effective duty 
cycle and thus the grating strength for each polariZation 
mode. 

In some respects, the use of a high refractive index 
contrast system enables the invention since the high contrast 
contributes to grating strength even as grating strength is 
diminished When the duty cycle is shifted aWay from 50%. 
In an exemplary embodiment, the material system provides 
an index contrast between the refractive indices of the 
Waveguides 10 and surrounding cladding layers 11 that is 
greater than 1%, or preferably a higher contrast of greater 
than 2%. Presently, a silicon oxy-nitride system is used in 
Which the refractive index of the Waveguides 10 is 1.60 and 
the refractive index of the cladding layers 11 is about 1.44. 
Thus, An/ncladding is greater than about 10%. 

With the illustrated “Wavy” tooth shape, the effective 
indices of the PMs are signi?cantly equal, and the grating 
strengths of the PMs are signi?cantly equal, and thus the 
GW becomes polariZation insensitive. Speci?cally, Ane?/ne? 
is less than 5* 105, and preferably less than 1* 10's, and AK/K 
is less than 10%, and preferably less than 0.5%. 

According to one design process, since the effective index 
is primarily dependent on the cross-sectional area of the 
Waveguide, the grating index is ?rst tuned using the cross 
sectional area of the Waveguide and the Waveguide height is 
speci?cally adjusted relative to the Width, such as Wmin. The 
height to Width ratio of the Waveguide cross-section is 
selected to achieve the desired effective index for each PM 
and thereby obtaining the desired geometrical birefringence. 
Since the grating strength is primarily dependent on the 
tooth amplitude, the grating is designed for the desired K 
using the tooth amplitude. The tooth shape is used to ?ne 
tune the grating strength for each PM to obtain the desired 
polariZation dependence of the grating strength. Therefore, 
the GW can be designed for a speci?c K, the GW cross 
sectional dimensions can be adjusted to obtain the desired 
birefringence, and the tooth shape can be adjusted to achieve 
the desired relationship betWeen KTE and KTM. 

There are an in?nite number of tooth shapes or Ways to 
shape a grating tooth. Only subsets of this in?nite tooth 
shape space, hoWever, Will result in a desired level of 
polariZation sensitivity. Identifying subsets of tooth shapes 
or speci?c tooth shapes that result in a desired level of 
polariZation sensitivity is facilitated by mathematical analy 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
sis. Speci?c tooth shapes that result in a desired level of 
polariZation sensitivity can be identi?ed using an iterative 
process. 

First, a parameteriZation method for the tooth shape is 
selected. In one example, the shape and siZe of the periodic 
refractive index variation is described by a functional form, 
such as a square function, a poWer laW function, a polyno 
mial function, a trigonometric function, or combinations of 
such functions. Ideally, the parameteriZation has a small 
number of parameters so that the tooth shapes can be 
suf?ciently varied to achieve the design criteria. Also, the 
tooth shape parameteriZation preferably alloWs the shape of 
the dielectric material to be varied so that the band splitting 
of one mode is affected differently from the other. 
The functional form may be analyZed using a number of 

methods, such as ?rst order perturbation theory, beam propa 
gation methods, and ?nite difference time domain analysis, 
to estimate the grating strength for the tWo polariZation 
modes. The grating strengths can also be estimated by 
analyZing the splitting of the optical energy bands. These 
functional forms indicate a region of parameter space in 
Which the desired polariZation dependence may be achieved. 

For a given point in the parameter space described by the 
functional form, MaxWell’s equations for Wave propagation 
in the Waveguide are solved. Any of the previously listed 
techniques may be used, depending on the desired precision. 
First-order perturbation theory Will indicate, analytically, the 
grating strength for a given mode in the equivalent non 
periodic (straight) Waveguide. Beam propagation methods 
may be used to ?nd these unperturbed modes, and certain 
enhancements may be used to address Weak re?ection. 
Finite difference time domain (FDTD) methods can yield the 
total re?ection, and thus grating strength, for a pulse propa 
gating through the system. Frequency domain methods are 
also Well suited to the calculation of optical energy band 
splittings in periodic structures. 
Then the calculated grating strength and effective index 

are compared to the target values. Any of several techniques 
may be used to re?ne the parameters that describe the 
design. One may apply multiple-variable minimiZation tech 
niques to a combination of merit functions that encapsulate 
the design targets. For example, the function to be mini 
miZed could be the sum of the squares of the average grating 
strength, the polariZation dependence of the grating strength, 
and the polariZation dependence of the effective index. 
Alternatively, one may map the parameter space by reana 
lyZing the functional form for a range of parameter values, 
and then collapse the parameter space to those combinations 
of parameter values that simultaneously satisfy the various 
design constraints. For example, analytic ?ts to the calcu 
lated data may be used to relate tWo of the parameters so that 
the grating strength is identical for the tWo polariZation 
modes. 

In the folloWing example, a speci?c functional form is 
used to parameteriZe and analyZe a Wide range of dual 
sideWall grating tooth shapes. For a tooth amplitude d and 
minimum GW Width Wmin, the Width of the GW is given by 
the periodic function: 

Here m is a parameter betWeen 0 and 1, Which sets the 
midpoint at Which the curve turns over, and y is the param 
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eter that varies the curve from cusp-like (y=0) to triangle 
like (y=1) to square-like (y=OO). 

FIG. 3 is a graph showing Waveguide Width as a function 
of Z (position along the optical axis), for m=0.5 and various 
values of the exponent parameter described by Eq. 

FIG. 4 is a graph shoWing Waveguide Width along Z, for 
y=2 and various values of the midpoint parameter. 

To analyZe these tooth shapes, the re?ection of the ?rst 
order spatial mode is examined. In order to test the sensi 
tivity of the grating strength to the parameters m and y in Eq. 
(4), the loWest four frequencies at the Bragg Wavevector, 
kBmgg=rc/A, for a range of m and y are calculated. These four 
frequencies give the bandgap, and thus the grating strength, 
for the tWo PMs. An exemplary computational structure 
includes a layer of core material (nw,e=1.60, t=1.30 pm) 
covered by a thin etch-stop layer (nClad=1.4451, t=0.04 pm) 
covered by another layer of core material of thickness t=0.25 
pm. The grating tooth amplitude is d=0.8 pm. The Width of 
the grating in the narroWest region is Wyn-"=06 pm, and in 
the Widest region is 2.2 pm. 

FIG. 5 is a graph shoWing the fractional difference in the 
grating strength betWeen the tWo polariZation modes, in 
percent, for a range of values of midpoint parameter m and 
exponent parameter y. For a signi?cant range of parameters, 
the grating strengths are Within 1% of each other; rn>0.6, 
and log(y)<0.3 (y<1.35). This domain Will provide adequate 
polariZation insensitivity for most applications. 

FIG. 6 is a plan vieW of a Waveguide 70 With sideWall 
gratings 72-1, 72-2 having tooth shapes With different duty 
cycles, shapes, and phase offsets, according to the invention. 
In this example, the parameter space is increased by using 
different tooth shapes in each of the tWo side Wall gratings. 
Grating 72-1 is more Wave-shaped With sharp peaks; and 
grating 72-2 is triangular. Further to illustrate the parameter 
space, the gratings 72-1 and 72-2 have different duty cycles 
and a phase offset With respect to each other; the tWo 
sideWalls have an offset of (PA. 

Generally, When designing the gratings, each sideWall 
grating can have a different duty cycle, D, tooth amplitude, 
d, midpoint, m, and exponent, y, and is described by the 
folloWing functional form 

Zz Y (5) 

W _Wmjn d mx‘m+l Z50 
@- 2 + X 1 1 ZZ 1y 0 

“ ‘"”Xlm-| D 

where Wmin is the minimum GW Width. Both sideWalls 
usually have the same grating period, A, hoWever. m is 
betWeen 0 and 1 and sets the midpoint at Which the curve 
turns over and y is the exponent parameter that varies the 
curve from cusp-like (y=0) to triangle-like (y=1) to square 
like (y=OO). The functional form describes the variation of the 
Width for half of the Waveguide (from the center of the 
Waveguide). 

FIG. 7 is a plan vieW illustrating an exemplary embodi 
ment of the invention in Which gratings on each Waveguide 
sideWall are used With radial corner tooth shape parameters 
and dimensions. It further utiliZes chamfers 84 and ?llets 86 
in the pro?le of the sideWall grating 82 to increase manu 
facturability in existing photolithographic systems. 
Speci?cally, ?llet radii Rb de?ne the sideWall pro?le at the 
intersection betWeen Waveguide body 88 and the base of 
tooth 90. Chamfer radii Ra de?ne the sideWall pro?le at the 
outer extent of the tooth 90. Typically, the photolithographic 
process used to fabricate the GW Will dictate the loWer limit 
for the ?llet radii Rb and the chamfer radii Rd. 
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Parameter Wmin is the minimum GW Width, or Width of 

the Waveguide body 88. The Width of the outer edge of the 
tooth is t,A Where t is unitless. The Width of the gap is g,A 
Where g is unitless. 

The folloWing parameters de?ne a grated Waveguide With 
a 2.2 TeraHertZ (THZ) stopband Width, Which is polariZation 
independent to <1%, and a midgap of 193.859 THZ, Which 
is polariZation independent to 1 GigaHertZ (GHZ). The index 
of the core is 1.6, and the index of the cladding is 1.4451. 
The Waveguide is 1.3 pm thick, tooth period or pitch 
A=0.518 pm, Wmin=0.67 pm, tooth depth d=0.293 pm, 
gapWidth g=0.325, toothWidth t=0.55, Ra=0.07 pm, and 
Rb=0.07 pm. There is no phase offset betWeen gratings, <|>=0. 

FIGS. 8A and 8B are plan and side vieWs, respectively, of 
a Waveguide 100 With tWo sideWall gratings and a surface 
grating all having square tooth shapes With different duty 
cycles and phase offsets. In this example, the Waveguide 100 
has sideWall grating teeth 102-1, 102-2, Which are formed on 
each of the sideWalls, and top grating teeth 104, Which are 
formed on the top of the Waveguide 100. Each grating 102-1, 
102-2, and 104 is parameteriZed by the amplitude of the 
teeth, the duty cycle of the teeth, a relative phase offset, the 
length of the tooth, the core Width (distance from the center 
of the Waveguide to the minimum of the tooth amplitude), 
and the grating period. 

Generally, the three grating Waveguide 100 using square 
tooth shapes can be designed for polariZation insensitivity 
by control of the folloWing parameters: 

the amplitudes of the teeth on the sides and the top of the 
Waveguide, dsl, dSZ, and dt; 

the duty cycle of the teeth on the sides and top of the 
Waveguide, D51, D52, and D,; 

the phase offset betWeen the teeth on the sides and the 
teeth on the top, (1),; 

the relative phase offset betWeen the teeth on the tWo sides 
of the Waveguide, (1)5; 

the Width of the region etched out of the top surface of the 
Waveguide, Wwp; 

the minimum Width of the core section, Wmin; 
the thickness of the core at its thickest part, h; and 
the grating period, A. 
FIG. 9 is a perspective vieW of a Waveguide 100 With tWo 

sideWall gratings 102-1, 102-2 and a surface grating 104 all 
having square tooth shapes. The design shoWs a phase offset 
betWeen the teeth on the sides and the teeth on the top, (1);. 
The tooth shape is primarily adjusted using the tooth ampli 
tude and duty cycle to achieve polariZation insensitivity in 
terms of the effective indices of refraction and grating 
strength for the polariZation modes. 

Generally, a GW With square teeth can be rendered 
polariZation insensitive by control over sideWall phase offset 
and duty cycle, Without requiring the top teeth 104. 

FIGS. 10A through 10D illustrate hoW a grating that has 
been engineered to be polariZation independent for one 
grating strength can be modi?ed to reduce the grating 
strength Without signi?cantly affecting the other properties. 
FIG. 10A is a plot of the average bandgap for the tWo 
polariZation modes as a function of phase offset betWeen the 
tWo sideWall gratings of a grated Waveguide. FIG. 10C is a 
plot of percent band gap difference for the tWo polariZation 
modes as a function of phase offset betWeen the tWo sideWall 
gratings of a grated Waveguide. FIG. 10D is a plot of the 
average effective refractive index for the tWo polariZation 
modes as a function of phase offset betWeen the tWo sideWall 
gratings of a grated Waveguide. FIG. 10B is a plot of 
birefringence as a function of phase offset betWeen the tWo 
sideWall gratings of a grated Waveguide. 
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This tuning of the grating strength can be accomplished 
Without impacting other design constraints such as the 
effective indices for each polarization mode and the polar 
iZation dependence of. In this example, the material system 
provides a core index of nC0,e=1.6, and a cladding index of 
ndadding=1.4451. The side tooth depth d=0.272 pm, side 
duty cycle D=0.5193, Wmin=15238 pm, and pitch A=0.522 
pm. 

Speci?cally, FIG. 10A shoWs that by changing the side 
Wall phase offset betWeen 0 and 0.5, the band gap changes 
from 1.6 THZ to Zero. This use of the phase offset to tune 
band gap, hoWever, has little impact on the Waveguide’s 
polariZation sensitivity. 

For example, as shoWn in FIG. 10B, these same changes 
in the phase offset produce little change in the effective 
grating birefringence. FIG. 10C indicates that the polariZa 
tion dependence of the stopband Width varies by less than 
0.1% With the changes to the phase offset. Finally, as shoWn 
in FIG. 10D, the average effective index changes by less 
than 7*10‘“. The impact of this change on 006 may be 
counter-balanced by adjusting the period, A slightly. FIG. 
10D illustrates hoW polariZation sensitivity can be changed 
by varying phase offset betWeen sideWall gratings. 

In yet another embodiment of the invention, the shape of 
the grating teeth is adjusted such that both polariZation 
modes are equally coupled outside the Waveguide to higher 
order spatial modes. Alternatively, the grating tooth shape 
can be adjusted for high polariZation sensitivity so that only 
one polariZation mode is coupled to a higher order spatial 
mode. The higher order modes have vertical directional 
components and can be used for out of plane coupling, such 
as for off-chip testing. 

FIG. 11 is a perspective vieW of a grated Waveguide 100 
With internal grating teeth 112 according to the invention. 
The outside edges 110 of the Waveguide 100 remain straight. 
The periodically varying index of refraction is inside the 
Waveguide and grating teeth 112 are created internally. 

In another exemplary embodiment of the invention, tWo 
polariZation selective gratings are used to make up the ends 
of a resonant cavity. 
The invention is also applicable to non-periodic 

Waveguide structures With a varying effective index of 
refraction that can be characteriZed by an effective index and 
a perturbation strength. Examples of non-periodic 
Waveguide structures With a varying index of refraction 
include chirped gratings and apodiZed gratings. The teeth of 
the chirped grating can be shaped to obtain polariZation 
insensitivity. 

The perturbation strength of the varying index describes 
the modal overlap of the individual polariZation modes With 
the Waveguide perturbation. The perturbation strength 
describes the modal overlap in both periodic and non 
periodic Waveguide structures. For example, the grating 
strength is the perturbation strength of a periodic grating. 

While this invention has been particularly shoWn and 
described With references to preferred embodiments thereof, 
it Will be understood by those skilled in the art that various 
changes in form and details may be made therein Without 
departing from the scope of the invention encompassed by 
the appended claims. 
What is claimed is: 
1. A planar Waveguide comprising at least one grating 

along the direction of propagation in Which grating teeth 
have a non-square pro?le to control a polariZation sensitivity 
of the Waveguide. 

2. A planar Waveguide as claimed in claim 1, Wherein a 
length of a base of the teeth is different from a length of a 
top of the teeth. 
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3. A planar Waveguide as claimed in claim 1, Wherein a 

length of a base of the teeth is greater than a length of a top 
of the teeth. 

4. A planar Waveguide as claimed in claim 1, Wherein an 
effective index of the Waveguide is substantially the same for 
each polariZation mode. 

5. A planar Waveguide as claimed in claim 1, Wherein 
strength of the grating is substantially the same for each 
polariZation mode. 

6. A planar Waveguide as claimed in claim 1, Wherein a 
pro?le of the teeth is generally trapeZoidal. 

7. A planar Waveguide as claimed in claim 6 further 
comprising ?llets at intersections betWeen the teeth and a 
Waveguide body. 

8. A planar Waveguide as claimed in claim 1 further 
comprising chamfers at tops of the teeth. 

9. Aplanar Waveguide as claimed in claim 1 Wherein one 
grating is formed on each of at least tWo sides of the 
Waveguide. 

10. Aplanar Waveguide as claimed in claim 1 Wherein one 
grating is formed on each of tWo opposite sides of the 
Waveguide. 

11. A planar Waveguide comprising at least tWo gratings 
With the same period that are phase-shifted relative to each 
other, Wherein an effective index of the Waveguide is sub 
stantially the same for each polariZation mode. 

12. A planar Waveguide as claimed in claim 11, Wherein 
strength of the grating is substantially the same for each 
polariZation mode. 

13. A planar Waveguide as claimed in claim 11 Wherein 
one grating is formed on each of tWo opposite sides of the 
Waveguide. 

14. A planar Waveguide as claimed in claim 11 Wherein 
one grating is formed on each of tWo opposite sides of the 
Waveguide. 

15. A planar Waveguide comprising at least tWo gratings 
With the same period that are not phase-shifted relative to 
each other, Wherein an effective index of the Waveguide is 
substantially the same for each polariZation mode. 

16. A planar Waveguide as claimed in claim 15, Wherein 
strength of the grating is substantially the same for each 
polariZation mode. 

17. A planar Waveguide as claimed in claim 15 Wherein 
one grating is formed on each of tWo opposite sides of the 
Waveguide. 

18. A planar Waveguide as claimed in claim 15 Wherein 
one grating is formed on each of tWo opposite sides of the 
Waveguide. 

19. A design process for a polariZation insensitive grated 
Waveguide, the process comprising: 

balancing an index of refraction for each polariZation 
mode by selecting a cross-section of the Waveguide; 
and 

balancing a strength of the grating for each polariZation 
mode by selecting a non-square pro?le of grating teeth. 

20. A design process as claimed in claim 19, Wherein the 
step of balancing the strength comprises selecting a pro?le 
in Which a length of a base of the teeth is different from a 
length of a top of the teeth. 

21. A design process as claimed in claim 19, Wherein the 
step of balancing the strength comprises selecting a pro?le 
in Which a length of a base of the teeth is greater than a 
length of a top of the teeth. 

22. A design process as claimed in claim 19, Wherein an 
effective index of the Waveguide is substantially the same for 
each polariZation mode. 

23. A design process as claimed in claim 19, Wherein a 
strength of the grating is substantially the same for each 
polariZation mode. 
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24. A design process as claimed in claim 23, Wherein the 
step of balancing the strength comprises selecting a pro?le 
in Which the teeth are generally trapezoidal. 

25. A design process as claimed in claim 19 Wherein one 
grating is formed on each of at least tWo sides of the 
Waveguide. 

26. A design process as claimed in claim 19 Wherein one 
grating is formed on each of tWo opposite sides of the 
Waveguide. 

27. A design process for a polariZation insensitive grated 
Waveguide, the process comprising: 

balancing an indeX of refraction for each mode by select 
ing a cross-section of the Waveguide; and 

balancing a strength of the grating for each mode by 
selecting a non-50% duty cycle of grating teeth. 

28. A design process for a polariZation insensitive grated 
Waveguide, the process comprising: 

balancing an indeX or retraction for each mode by select 
ing a cross-section of the Waveguide; and 

balancing a grating strength for each mode by con?guring 
the Waveguide With tWo gratings and offsetting the 
phase of the gratings With respect to each other. 
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29. A design process as claimed in claim 28 Wherein one 

grating is formed on each of at least tWo sides of the 
Waveguide. 

30. A design process as claimed in claim 28 Wherein one 
grating is formed on each of tWo opposite sides of the 
Waveguide. 

31. A polariZation controlled electromagnetic Waveguide 
comprising a periodically varying indeX of refraction along 
the length of said Waveguide, Wherein the geometry of said 
periodically varying indeX is con?gured over each period 
such that the grating strength of each polariZation mode is 
equal to a desired value and the effective indices of the 
polariZation modes are equal to each other. 

32. A polariZation controlled electromagnetic Waveguide 
as claimed in claim 31 Wherein one grating is formed on 

each of at least tWo sides of the Waveguide. 
33. A polariZation controlled electromagnetic Waveguide 

as claimed in claim 31 Wherein one grating is formed on 
each of tWo opposite sides of the Waveguide. 

* * * * * 


